cyanobacteria. The Baltic Sea is an ideal environment to study the distribution of HGs and test their potential as 16 biomarkers because of its recurring summer phytoplankton blooms, dominated by a few heterocystous 17 cyanobacterial species. A multicore and a gravity core from the Gotland basin were analyzed to determine the 18 abundance and distribution of HGs at high resolution to investigate the changes in past cyanobacterial 19 communities during the Holocene. The HG distribution of the sediments deposited during the Modern Warm 20 Period (MoWP) was compared with those of cultivated heterocystous cyanobacteria, revealing high similarity. 21
the cyanobacterial blooms or diagenesis, resulting in partial destruction of the HGs. The record also shows that 23 the HGs distribution has remained stable since the Baltic has turned into a brackish semi-enclosed basin ~7200 24 yrs BP. This suggests that the heterocystous cyanobacterial species composition remained relatively stable as 25 well. During the earlier freshwater phase of the Baltic (i.e. the Ancylus Lake phase) the distribution of the HGs 26 varied much more than in the subsequent brackish phase and the absolute abundance of HGs was much lower 27 than during the brackish phase. This suggests that the cyanobacterial community adjusted to the different 28 environmental conditions in the basin. Our results confirm the potential of HGs as specific biomarker of 29 heterocystous cyanobacteria in paleo-environmental studies. The Baltic Sea, characterized by the seasonal occurrence of cyanobacterial HABs mainly consisting of 30 the HG producing family Nostocaceae, presents an interesting location to both apply HGs as biomarkers in the 31 present day system and to investigate their potential as proxies for reconstruction of past depositional 32 environments. The modern Baltic, one of world's largest brackish bodies of water, is a shallow, semi-enclosed 33 basin, characterized by estuarine circulation, having its only connection to the North Sea through the Danish 34 straits (Fig. 2) . Irregular winter inflows of marine oxygen-rich water, known as salinity pulses, represent the 35 main mechanism of renewing and mixing of the bottom water, which otherwise experiences stagnation and 36 increasing oxygen depletion with permanent stratification and persisting anoxia in its deep waters (Kononen et 37 al., 1996) . Since the last deglaciation (ca. 13-9 cal. kyr BP) the Baltic Sea has experienced specific 38 hydrographical phases (Andrén et al., 2011) . Following the ice retreat the Ancylus Lake phase (AL, ca. 9.5-8.0 39 cal. kyr BP) was the last extended freshwater phase in the basin before a stable connection to the North Sea was 40
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established (Björck, 1995; Jensen et al., 1999) . The transition phase began (ca. 7.8-7.3 cal. kyr BP) by a series of 1 weak inflows of saline water, which eventually lead to the fully brackish Littorina Sea (LS) phase (~7.2-3.5 cal. 2 kyr BP). The less brackish post-Littorina Sea phase (post-LS, until ~1.3 cal. kyr BP) followed, and the modern 3
Baltic Sea is considered its natural continuation. In addition, three major temperature anomalies have occurred: 4 the Medieval Warm Period (MWP, until ~1.3-0.7 cal. kyr BP, or 900-1250 AD), the Little Ice Age (LIA, 5 ~1250-1850 AD) and the current Modern Warm Period (MoWP, ~1850-up to date) (Leipe et al., 2008) . 6 The modern Baltic undergoes summer cyanobacterial blooms primarily composed of the two 7 filamentous heterocystous cyanobacteria Nodularia spumigena and Aphanizomenon flos-aquae (Ploug, 2008; 8 Sivonen et al., 2007) . Deep water anoxia, high phosphorus availability, calm water conditions and high 9 irradiation resulting in relatively high sea surface temperature (SST) have been identified as main triggers for 10 these blooms. Anoxic sediments lead to the release of phosphate in the water column, stimulating new 11 cyanobacterial blooms and further enhancing anoxia, resulting in a reinforcing feedback (Finni et have played an important role in these events (Kabel et al., 2012; Warden, 2017) . Likely, in times of water 21 stratification and anoxia, high SST would have initiated cyanobacterial blooms in the basin, when exceeding a 22 threshold temperature of ~16 °C, which is considered a trigger to the onset of the blooms in the modern Baltic 23 (Kononen, 1992; Wasmund, 1997) . In addition, this would have enhanced the oxygen consumption of the deep 24 water (Kabel et al., 2012) . 25 The intrinsic occurrence of cyanobacterial blooms and their role in intensifying chronic anoxic events is 26 not limited to the Baltic Sea. These same features have been observed in various stratified fresh water lakes in 27 the Northern hemisphere (Fritz, 1989; McGowan et al., 1999; Schweger and Hickman, 1989; Züllig, 1986) . 28 However, there is no full agreement on this interpretation, as other authors argue that human perturbation has to 29 be considered to be the main driving force behind the co-occurrence of cyanobacterial blooms with anoxia in the 30
Baltic (Zillén and Conley, 2010) . Therefore, more research is required to elucidate the relationship between 31 recurring anoxic event and cyanobacterial blooms in the Baltic Sea. 32
In this study, we employ HGs to investigate the changes in past cyanobacterial communities involved in 33 the summer blooms in the Baltic Sea over the Holocene and we test the potential of HGs as paleo-proxy to trace 34 back the anoxic events that occurred in the basin. To this end, a multicore and a gravity core from the Gotland 35 basin were analyzed for HGs at high resolution. The results of the analysis were compared with the organic 36 carbon content and the nitrogen isotopic record. This may help in further confirming the potential of HGs as 37 specific biomarker of heterocystous cyanobacteria in environmental studies. 38 Biogeosciences Discuss., https://doi.org/10. Scientific, Milan, Italy). Precision of the isotopes analysis was 0.1‰ for carbon and 0.2% for nitrogen 21 measurements. The total carbon (TC) content of the sediments of the MUC was measured by using an EA 22 1110CHN analyzer from CE Instruments, whilst a Multi EA-2000 Elemental Analyzer (Analytic, Jena, DE) was 23 employed to determine the total inorganic carbon (TIC). Weighted aliquots of freeze dried sediments were ashed 24 at 550°C for 3 h and the TOC content was calculated as the difference between TC and TIC and expressed in 25 wt.%. 26
Lipid extraction and analysis 27
All slices from the MUC and alternating slices from the GC were extracted and analyzed for their HG content. 28
Extraction was performed using an Accelerated Solvent Extractor (ASE 200, DIONEX; 100°C and 7.6 × 10 6 Pa) 29 with a mixture of dichloromethane (DCM): methanol (MeOH) (9:1, v:v), to obtain a total lipid extract (TLE), 30 which was dried under a flow of N 2 . TLE was re-dissolved by sonication (10 min) in DCM/MeOH (1:1, v:v) and 31 aliquots were taken and dried under a flow of N 2 . These aliquots were dissolved in hexane, isopropanol and 32 water (72:27:1, v:v:v) and filtered through a 0.45 μm regenerated cellulose syringe filter (4 mm diameter; Grace 33 Alltech). Samples were analyzed by using a HPLC-triple quadrupole MS in multi-reaction monitoring (MRM) 34 mode as described by Bale et al. (2015 
Data analysis 10
Principal component analysis (PCA) was performed with the R software package for statistical computing, to 11 test the variation observed in the HGs distribution. 12
Results 13

Sediment core characteristics 14
The basin has experienced periodical anoxic bottom waters, which resulted in the alternating deposition of 15 laminated and homogeneous sediments (cf. 
Abundance of HGs 23
In total 104 sediment horizons of the MUC and 153 horizons of the GC were analyzed for C 6 The C 6 HG abundance (sum of the six C 6 HGs; hereafter referred to as HG abundance) profile showed 3 four peaks in the first 8 cm of the MUC of respectively 144, 82, 117 and 69 r.u. gTOC -1 (Fig. 3a) . After this last 4 peak, the abundance of the HGs decreased substantially by a factor ~30 in some cases (i.e., ~5 r.u. gTOC -1 ) and 5 remained at this level with increasing depth over the whole of the MUC (Fig. 3a) . 6 The HG abundance in the upper part of the GC (up to ~11 cm) was 3 to 6 times higher (7 to 18 r.u. ). At ~17 cm of the GC, 8 which is equivalent to ~52 cm or the bottom of the MUC, the abundance were in the same order of magnitude (4 9 to 5 r.u. gTOC -1 ). Between ~25 and 213 cm depth (~1.3-7.1 cal kyr BP) the abundance of the HGs decreased 10 substantially further by a factor of ca. 6 to 10, with the exception of several small peaks at discrete depths 11 (respectively, ~5 r.u. gTOC -1 at ~35 cm; ~4 r.u. gTOC -1 at ~53 cm, at ~92 cm and at ~108 cm; ~3 r.u. gTOC -1 at 12 ~188 cm). Deeper in the core (213-375 cm; i.e. during AL phase) the abundance of the HGs were even lower 13 ( Fig. 3a) . 14
Distribution of HGs 15
The distribution of the HGs changed substantially with depth (Fig. 4) . The C 26 diol HG was the dominant 16 component, accounting for ~50 to 95% of the HGs in the sediments recording the brackish phase of the basin. In 17 the sediments deposited during the AL phase (i.e. below 213 cm of the GC) the fractional abundance of the C 26 18 diol HG was more variable, reaching only 20-30% at some discrete depths. In the sediments deposited during 19 the brackish phase the fractional abundance of all keto HGs (i.e., C 26 keto-ol HG, C 28 keto-ol HG and C 28 keto-20 diol) diminished with increasing depth, roughly from 3-15% to <2% (Fig. 4) . In the sediments deposited during 21 the AL phase, however, their fractional abundance showed more variation and in general it increased and 22 reached ~10-40% at some specific depths. The fractional abundance of the C 28 diol HG remained steady for 23 most of the sediments deposited during the brackish period (~10% on average), although slightly increased 24 values occurred in the oldest part of the brackish section, up to ~15% (Fig. 4) . In the AL section the fractional 25 abundance of the C 28 diol HG was higher, with values sometimes reaching almost 60%, but also more variable. 26 The fractional abundance of the C 28 triol HG was <2% for most of the sediments deposited during brackish 27 phase, with the exceptions of the shallower (8-16%) and the deeper part, close to the boundary with the 28 freshwater phase (3-9%). In the AL section the relative abundance of the C 28 triol HG generally remained <2%, 29
although it was between 3-11% in several horizons in the deeper part. 30
Principal component analysis of the HGs distribution 31
The variation observed in the HGs distribution in the sediments was examined by applying a principal 32 component analysis (PCA) to the relative percentages of the six HGs (Fig. 5 ). The first two principal components 33 (PCs) explained most of the variation observed, accounting for 47 and 29% of the variance, respectively (Fig.  34 5a). The first principal component (PC1) showed a positive loading of all keto HGs and of the C 28 triol HG. 35 Specifically, the C 26 keto-ol HG and the C 28 keto-diol HG had the most positive loading (Fig. 5a ). The C 26 with the MUC (green circles) all scored negatively on PC2. However, they formed two groups; the MoWP 5 sediment which scored more positively on PC1, and the pre-MoWP brackish sediment which was less positive 6 on PC1. Close to the MUC brackish sediment, the GC brackish phase sediments (blue squares) plotted all close 7 to each other. The red triangles represent the freshwater AL phase sediments which generally scored positively 8 on both PC1 and PC2 and therefore distinctly from the other sediments, although a minority of the data points 9 plotted in the vicinity of the sediments of the brackish phase. 10 Figure 6 shows the variations in PC1 and PC2 with depth. The sediments of the MUC exhibited a 11 decreasing trend in PC1 with increasing depth, caused by the reduction in the fractional abundance of the 12 positively scoring keto HGs, in favor of the negatively scoring C 26 diol (Fig. 6a) . For the GC (Fig 6b) , the PC1 13 scores varied between -2 and -1, from the top up to 213 cm depth (i.e. the brackish phase), consistent with the 14 dominance of the C 26 diol HG in this section. At greater depth (i.e. the freshwater phase) large variations in the 15 score of PC1 were observed (Fig. 6b ). Scores were mostly positive; negative PC1 scores were only found at 16 three discrete depths, i.e. 239, 303 and 343 cm. The generally positive score in this freshwater phase highlights 17 the greater contribution of HGs other than C 26 diol HG. The PC2 score of the sediments of the MUC was 18 constantly around -1, (Fig. 6c) . In the GC, PC2 was close to zero during the brackish water phase (Fig. 6d) . In 19 the sediments of the freshwater phase the PC2 score was generally positive, clearly influenced by the higher 20 fractional abundance of positively scoring C 28 diol and C 28 keto-ol HGs, but variable. 21
Discussion 22
This study investigates the presence of HGs in the recent sedimentary record of the Baltic Sea and represents the 23 first attempt to relate them with the recurring anoxic events that took place in the basin during the Holocene as 24 well as the ongoing increase in HAB over the last 60 years. In our dataset we recognized two main phases 25 (brackish and freshwater), characterized by three different signatures of HGs (cf. Fig. 5b ). Here these records 26 and their implications for the heterocystous cyanobacterial community composition are discussed. 27
The distribution of HGs 28
The composition of HGs in cyanobacteria is known to be related to their taxonomy (Bauersachs et al. The HG distribution in the MoWP sediment, with the C 26 diol as the dominant HG (Fig. 4, summarized  5 in Table 1 ), agrees well with the HG distribution in cultures of Nodularia, Aphanizomenon and Anabaena as well 6 as other members of the Nostocaceae family (Table 1) . These cultures generally also synthesized minor amounts 7 of the C 26 keto-ol HG, as was seen in the MoWP sediments. The C 28 diol, present in trace amounts in the MoWP 8 sediments, was found in varying amounts in the Nodularia, Aphanizomenon and Anabaena cultures. Even 9 between different strains of the same species, amounts present were highly variable from a dominant component 10 to not detected. The C 28 keto-ol, C 28 triol and C 28 keto-diol HGs were minor components in the MoWP sediment. 11
While not produced consistently across the Nodularia, Aphanizomenon and Anabaena cultures, they were found 12 in certain strains, generally as trace or minor components, in agreement with the distribution in the sediment 13 (Table 1) . It is possible, however, that the presence of the C 28 triol HG in the MoWP sediments may be linked to 14 the presence of the genus Calothrix (cf. Table 1), which is commonly found in the rocky seabed of the basin 15 (Sivonen et al., 2007) . 16 Overall, the distribution of the HGs observed in the MoWP sediments was in good agreement with the 17 HG distribution of the family Nostocaceae (Table 1) , which fits with the reported dominance of members of this 18 family during the summer cyanobacterial HABs of the Baltic. Furthermore, the HG distribution remained 19 relatively constant throughout the MoWP sediments (Fig. 4) , suggesting that overall the community composition 20 of heterocystous cyanobacteria in the Baltic Sea has remained stable during the last ~60 years. 21
The HG distribution in the sediment from the pre-MoWP brackish phase (from the AL-LS transition to 22 the start of the MoWP) reconstructed in this study was similar to that of the MoWP, although the C 26 diol and the 23 C 28 diol were present in a greater fractional abundance (Table 1) . The other four HGs were either minor or trace. 24
Although often absent, a number of Nostocaceae strains have been found to contain the C 28 diol (Table 1) , and in 25 one Anabaena sp. strain (CCY9402) it was found to be the dominant HG (Bauersachs et al., 2009a) . The 26 increased proportion of the C 28 diol through the pre-MoWP brackish phase suggests there was a somewhat 27 different cyanobacterial community composition than during the MoWP, although most probably still dominated 28 by cyanobacteria belonging to the family Nostocaceae. The HG distribution remained relatively constant from 29 the establishment of the brackish LS phase to the MoWP (Fig. 4) , which suggests that the cyanobacterial 30 community of the Baltic did not undergo major changes from the AL-LS transition to the MoWP and remained 31 dominated by cyanobacteria belonging to the family Nostocaceae. 32
Freshwater Ancylus Lake sediment 33
The AL phase displayed a distinct HG distribution from the brackish phase (Fig. 4 , summarized in Table 1 ). The 34 C 28 diol was often dominant and both the C 26 and C 28 keto-ol were present in a higher proportion than during the 35 brackish phase. Yet, at specific intervals of the AL phase (e.g. 236, 239, 303 cm), the HG distribution is similar 36 to the one observed in the brackish phase (Fig. 4) . This is also evident from the PCA analysis with more negative 37 values for PC1 and PC2 at those depths (Figs. 6b and d) consequently influenced the overall distribution of the HGs (Fig. 4) . A distinct and lasting transition in the HG 3 distribution was recorded at ca. 213 cm depth of the GC, corresponding to ~7.14 cal. kyr BP (Fig. 3b) . This 4 relates to the AL-LS transition that is also evident from the lithology and TOC profile (Fig. 3e) . Aphanizomenon may be better adapted to freshwater conditions. 19
As a consequence of the retreat of the ice sheet and the inlet of the sea water through the Danish straits, 20
there was an increase of water temperature during the AL-LS transition (Björck, 1995) . It is possible that this 21 increase in water temperature could have been responsible for the changes in the HG distribution, as growth 22 temperature has been reported to affect the distribution of the HGs in cyanobacteria belonging to the order 23
Nostocales (Bauersachs et al., 2009a, 2014b, 2015) . Specifically, increasing temperature positively correlated 24 with increasing relative proportions of HG diols over HG keto-ols. In this study, the ratio of diols to keto-ols 25 increased from the AL towards the LS phase (Fig. 4) , which would be in agreement with the higher SSTs during 26 the LS phase. However, when the HG proxies are used to estimate sea water temperature (SWT) based on the 27 proxy calibrations from cultures (Eq. 1-4), the predicted temperatures are somewhat unrealistic. For the brackish 28 phase the HDI 26 and HDI 28 values vary between 0.96-1.00 and 0.95-1.00, translating in average SWT of ca. 24 29 and 26 °C, respectively. This is too high, even for summer temperatures when the cyanobacterial HABs occur 30 (Kanoshina et al., 2003) . For the AL phase the HDI 26 and HDI 28 values are highly variable and range between 31 0.52-1.00 and 0.00-0.99, translating in average SWTs of ca. 20 and 17 °C, respectively. This is lower than 32 observed for the brackish phase but also seems too high. Apparently, cyanobacterial species composition exerts 33 an important control on the HG distribution in such a way that the HGs are not able to predict accurate 34 temperatures in the brackish system of the Baltic. Elmgren, 2014). The HG lipid biomarker abundance profile from our sampling site was overall in reasonable 22 agreement with the FCA measurements (Fig. 7) . However, it failed to record the intense blooms of the early 23 1980s, and there is a mismatch of one or two years in recording the start of the strong blooms recorded at the end 24 of the same decade (Kahru and Elmgren, 2014) . Furthermore, this comparison is complicated by a certain degree 25 of uncertainty in the age model of the sedimentary record. Moreover, the intrinsic temporal and spatial 26 variability of the cyanobacterial blooms in the modern Baltic Sea, together with the difficulties encountered in 27 the attempt of creating a consistent long time series that combines FCA data from multiple satellite sensors may 28 provide an explanation for the discrepancies observed (Kahru and Elmgren, 2014; Wasmund and Uhlig, 2003) . 29
We observed multiple peaks of the HGs absolute abundance in the MoWP section of the MUC core (≤ 30 11 cm depth), which reached ~50-150 r.u. gTOC -1 . Below this in the LIA section, the HG abundance declined 31 sharply to <10 r.u. gTOC -1 (Fig. 3a) . This decline may be expected given that the MoWP is characterized by 32 higher summer sea surface temperature, increased organic matter deposition and more frequent anoxic events 33 than the LIA phase (Kabel et al., 2012) , all conditions that lead to increased cyanobacterial HABs. Furthermore, 34 the cooler LIA experienced more oxygenated bottom water, which would have affected HG preservation. 35 However, substantially increased HG abundance were not observed below the LIA in the MWP section of the 36 MUC core. Similar to the MoWP period, the MWP was characterized by higher temperatures and increased 37 stratification of the water column that would favor bottom anoxia and, presumably, cyanobacterial blooms. The 38 top of the GC also records the LIA-MWP transition (Fig. 3b) . Here, the HGs abundance reached ~10-18 r.u. same period. This discrepancy between the HGs records in the two related cores is puzzling. After the MWP, HG 1 abundance declined to ≤5 r.u. gTOC -1 during the remaining part of the brackish phase, as recorded in the GC 2 (Fig. 3c) , in spite of changes in bottom water anoxia and temperature occurred, with only minor increments of 3 the HGs coinciding with the LS-post-LS and the AL-LS transitions. 4
Based on these data from the Baltic Sea, it is not possible to confidently couple the HG abundance 5 record directly to cyanobacterial HAB occurrences and anoxic events in the past. Several factors are thought to 6 affect this relationship. Firstly, it is possible that the occurrence of cyanobacterial HABs varied over time. In the 7 shallow part of both sediment cores, HGs absolute abundance was generally high, but it started declining with 8 increasing depth, independently from other factors (Fig. 3) . This might suggest that cyanobacterial blooms were 9 less common and intense in the past brackish Baltic Sea, even at times of warmer and more stratified conditions. 10
Secondly, the succession of oxic/anoxic bottom water conditions may impact the preservation efficiency of HGs. 
Changing abundance of the HGs over the AL-LS transition 23
The general down-core decrease in the HGs abundance throughout the brackish phase is continued into the AL 24 phase, when the HG abundance is at least an order of magnitude lower that in the first part of the brackish phase 25 (Fig. 3a) . The lower HG abundance in the AL phase, relative to the brackish phase, could indicate that N 2 -fixing 26 cyanobacteria were much less abundant during this freshwater phase. Indeed, further evidence for a lower 27 abundance of diazotrophic phytoplankton during the AL phase comes from the record of  15 N values (Fig. 3d) . As discussed above, the salinity change from a freshwater lake to a brackish sea had a significant effect 36 on the heterocystous cyanobacterial composition in the Baltic. This environmental change may have also been a 37 cause of the increased abundance of heterocystous cyanobacteria. Another environmental factor change that 38 could have promoted increased heterocystous cyanobacterial blooms is the increase in water temperature over 39 It should also be noted that the homogeneous appearance of the sediments and the much reduced TOC 7 content (Fig. 3c) reveals that the water column was generally well mixed and oxygenated in the AL phase. These 8 conditions probably resulted in a decreased preservation of biomarkers relative to TOC (see Sinninghe Damsté et 9 al., 2002) and, thus, may also explain in part the lower HG abundance in the AL than in the LS. 10
Conclusions 11
The C 6 HG distribution of the Baltic sediments from the brackish phases were closely related to those of 12 cultivated heterocystous cyanobacteria of the family Nostocaceae. The record also shows that the HGs 13 distribution has remained stable since the Baltic has turned into a brackish semi-enclosed basin ~7200 cal. yrs 14 BP. During the freshwater phase of the Baltic (i.e. the Ancylus Lake phase) the distribution of the HGs was quite 15 distinct but varied much more than in the subsequent brackish phase. This suggests that the cyanobacterial 16 community adjusted to the different environmental conditions in the basin over this transition. We found that the 17 abundance of HGs dropped substantially down-core, possibly either due to a decrease of the cyanobacterial 18 blooms or diagenesis, resulting in partial destruction of the HGs. 19
In conclusion, it is likely that both salinity and temperature have influenced the abundance and 20 composition of the heterocystous cyanobacterial community of the Baltic since the last deglaciation. The effects 21 of salinity on the synthesis and distribution of HGs would need to be investigated in controlled conditions to be 22 confirmed, as it has been partially done already in the case of temperature. 
